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Bioactive peptides derived from milk proteins are food components that, in addition to their nutritional value, retain many
biological properties and have therapeutic effects in several health disorders, including cardiovascular disease. Amongst these,
atherosclerosis is the underlying cause of heart attack and strokes. It is a progressive dyslipidaemic and inflammatory disease
where accumulation of oxidized lipids and inflammatory cells leads to the formation of an atherosclerotic plaque in the vessel wall.
Milk-derived bioactive peptides can be released during gastrointestinal digestion, food processing or by enzymatic and bacterial
fermentation and are considered to promote diverse beneficial effects such as lipid lowering, antihypertensive,
immnomodulating, anti-inflammatory and antithrombotic effects. In this review, an overview of the diverse biological effects of
these compounds is given, particularly focusing on their beneficial properties on cardiovascular disease and proposing novel
mechanisms of action responsible for their bioactivity. Attempts to prevent cardiovascular diseases target modifications of several
risk factors such as high blood pressure, obesity, high blood concentrations of lipids or insulin resistance. Milk-derived bioactive
peptides are a source of health-enhancing components and the potential health benefit of these compounds has a growing
commercial potential. Consequently, they have been incorporated as ingredients in functional foods, as dietary supplements and
as pharmaceuticals to promote health and reduce risk of chronic diseases.
Introduction
In the last two decades many studies have demonstrated that
bovine milk is a source of bioactive compounds. These
bioactive molecules are naturally contained in milk. This is
the case of lysozyme, lactoferrin, immunoglobulins, growth
factors and hormones [1], and they may also be generated
by hydrolysis of native proteins. Milk-derived bioactive
peptides are usually encrypted and kept inactive within the
primary structure of milk protein and they are generated by
proteolysis of casein (α-, β-, γ- and κ-casein) andwhey proteins
(β-lactoglobulin, α-lactalbumin, serum albumin, immuno-
globulins, lactoferrin and protease-peptone fractions) [2].
DOI:10.1111/bcp.13002
The increasing number of and health promoting effects
attributed to milk-derived bioactive peptides make them
potential ingredients of functional food [3].

Generation of peptides may occur by enzymatic hydroly-
sis or microbial fermentation, either in vivo during digestion
by digestive enzymes like trypsin and by gut microbial
enzymes, or during food processing or ripening or by in vitro
hydrolysis using isolated enzymes. During digestion, the
bioactive peptides can be absorbed from the intestine to the
blood stream and exert either local effects in the gastrointes-
tinal system or systemic effects. In addition, microbial
enzymes found in the gut or found in the food target different
cleavage sites in comparison with isolated enzymes and so
© 2016 The British Pharmacological Society



Health beneficial potentials of milk-derived bioactive peptides
the peptides generated by these enzymes may be different
from those generated during digestion. This is, for example,
the case of KVLPVP peptide from casein. An additional
pancreatic digestion results in a much higher angiotensin-
converting enzyme (ACE) inhibitory activity than that
generated by only L. helveticus proteolysis (KVLPVPQ) [4].

Numerous health promoting effects have been attributed
to milk-derived bioactive peptides released from dairy
proteins by enzymatic proteolysis, including antithrombotic,
Figure 1
Schematic illustrating generation of milk-derived bioactive peptides and the
encrypted in both casein (α-, β-, γ- and κ-casein) and whey proteins (β-lactog
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The role of the endothelial cell and monocyte in early stages of atheroscleros
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antihypertensive, anti-inflammatory, anti-oxidative, antimicro-
bial and anti-obesity properties [5–7]. Several characterized
bioactive peptides are multifunctional and show two or more
different biological activities [8, 9]. Thus they may have
health promoting effects onmany body systems such as the car-
diovascular, digestive, endocrine, immune and nervous systems
(Figure 1) [5, 7, 10]. In particular, the cardiovascular system is a
main target of milk-derived bioactive peptides and many
in vitro and in vivo studies have demonstrated beneficial
ir physiological functionalities. Milk-derived bioactive peptides can be
lobulin, α-lactalbumin, serum albumin, immunoglobulins, lactoferrin,
eral ways, by enzymatic hydrolysis or microbial fermentation, in vivo
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is: potential mechanisms of milk derived bioactive peptides. Activated
(VCAM-1 and ICAM-1), which mediate the rolling and firm adhesion
ransendothelial monocyte migration from the lumen to the intima in
a the monocyte is exposed to the growth factor MCS-F, which dif-
results in the up-regulation of the scavenger receptors, CD36 and
ng the uptake of ox-LDL and other modified lipids. Bioactive peptides
athway in a PPARγ dependent manner, and by modifying the expres-

Br J Clin Pharmacol (2017) 83 152–162 153



Table 1
Bioactivity of milk-derived peptides on cardiovascular system

Bioactivity
Precursor
product Preparation

Peptide
fragment Effect Reference

Antihypertensive αs1-, β-casein
L. helveticus and
Saccharomyces cerevisiae

VPP

ACE inhibitor [106, 107]IPP

α-lactalbumin

Proteolytic enzymes VAGTWY HIRL ACE inhibitor [108, 109]β-lactoglobulin

β-lactoglobulin Trypsin digestion

ALPMHIR

Inhibition of endothelin-1,
ACE inhibitor [104, 108, 109]

LAMA

VKF

β-casein
Trypsin, pepsin,
intestinal digestion

YPFPGPI

ACE inhibitor, opioid [17]YPFPGPIPNSL

α-lactalbumin Trypsin, pepsin, chimotrypsin

YG

ACE inhibitor, opioid [110, 111]

YLLF

YGLF

VGINYWLAHK

αs1-casein Crescenza cheese

FFVAPFPEVFGK

ACE inhibitor [112]FFVAP

Yak milk casein Qula cheese + alcalase hydrolysis

PPEIN

ACE inhibitor [113]PLPLL

β-casein
Enzyme-modified cheese
Lactobacillus casei

LTLTDVE
YPQRDMPIQ ACE inhibitor [114]

PGPIP

Antithrombotic κ-casein Chymosin and trypsin digestion MAIPPKKNQDK
Inhibition of platelet aggregation
and fibrinogen binding [29, 115]

NQDK

MAIPPK

Sheep κ-casein Enzymatic hydrolysis TAQVTSTEV
Inhibition of thrombin-induced
platelet aggregation [31]

KDQDK

QVTSTEV

Sheep lactoferrin Pepsin hydrolysates RGDX [116]

Human lactoferrin KRDS

α-lactalbumin Instestinal digestion GLF
Inhibition of collagen-induced
platelet aggregation [117, 118]

RGDGLF

Antioxidant Casein Pepsin digestion YFYPEL
Superoxide anion
scavenging activity [42]

FYPEL

YPEL

PEL

EL

α-lactalbumin Corolase PP WYSLAMAAS—DI Free radical scavenging activity [43]

Casein Pepsin digestion RYLGY
Free radical scavenging activity
and ACE inhibitor [119]

AYFYPEL

YQKFQY

Antilipaemic β-lactoglobulin Trypsin digestion IIAEK Cholesterol lowering [5]

ALPMH

GLNIQK

Whey protein Whey protein Cholesterol lowering [120, 121]

Anti-inflammatory Casein Enterococcus faecalis hydrolysis Casein hydrolysate
Leukocyte recruitment and
PPAR-γ dependent NF-κB inhibition [80]

(continues)
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Table 1
(Continued)

Bioactivity
Precursor
product Preparation

Peptide
fragment Effect Reference

Bacterial fermentation VPP
Leukocyte recruitment and
JNK inhibition [68]

Pepsin and corolase Casein hydrolysate TGF-β1, COX-2, and NFκB inhibition [69]

Aspergillus oryzae hydrolysis Casein hydrolysate
Suppressive effect on
adjuvant arthritis [79]

Whey protein Pressurisation of whey Pressurized whey Reduced expression of cytokines [70, 71]

Enzymatic hydrolysis Whey protein hydrolysate Reduced atopic dermatitis skin lesions [78]

Lactoferrin Proteolytic cleavage Lactoferricin Anti-catabolic and Anti-arthritis [74, 75]

Lactoferrin Inhibition of cytokine production [72]

Health beneficial potentials of milk-derived bioactive peptides
cardiovascular effects of these peptides, for example, reducing ar-
terial stiffness and improving endothelial activity [11–13].

Cardiovascular diseases are multifactorial diseases linked to
genetics and life-style, such as diet, smoking and exercise. Some
risk factors are controllable and pharmacological drugs are
widely used in that context, for example to manage elevated
cholesterol, triglycerides and blood pressure. This review pro-
vides an overview of the potential impact of milk-derived pep-
tides on cardiovascular disease and the mechanisms of action
of such bioactive peptides. Studies for inclusion in this article
were identified by searching PubMed and Scopus data bases for
relevant articles examining the effects of milk derived peptides
in the cardiovascular system from 1986 up to the present.
Bioactivities of milk-derived peptides
Milk bioactive peptides may influence several risk factors for
cardiovascular disease, including blood pressure, thrombosis
(16.17), inflammation and lipid metabolism, providing an al-
ternative to synthetic pharmaceuticals. Numerous bioactiv-
ities have been reported for peptides generated from in vivo
and in vitro hydrolysis and enzymatic digestion of milk. Milk
peptides have been shown to have antihypertensive effects,
to influence insulin secretion and glucose control, and to
have anti-oxidant and antithrombotic properties. They also
influence lipid concentrations, immune response, inflamma-
tion and markers of oxidative stress (Table 1), Figure 2.
Antihypertensive effects
Elevated blood pressure represents a major and controllable
risk factor for the development of cardiovascular disease
(CVD) [14]. ACE is a multifunctional enzyme which plays a
central role in the regulation of endogenous pathways regu-
lating blood pressure such as the renin-angiotensin and bra-
dykinin systems. Cleavage of angiotensinogen by renin
produces angiotensin I which is subsequently hydrolyzed
by ACE to angiotensin II (a potent vasoconstrictor). ACE also
inactivates the vasodilator bradykinin, contributing to an in-
creased blood pressure. Synthetic ACE inhibitors have been
developed as antihypertensive agents, but their use is also as-
sociated with side effects such as hypotension, cough, skin
rash and reduced renal function. Recently, some food derived
bioactive peptides from milk, fish and plants have been
found to behave as ACE inhibitors [4]. Milk proteins contain
a number of ACE inhibitory peptides and potent ACE inhibi-
tors from milk casein (casokinins) and whey proteins
(lactokinins) have been described [15–17]. In particular, two
potent inhibitory tri-peptides Val-Pro-Pro and Ile-Pro-Pro
from bovine casein were isolated from sour milk fermented
with L. helveticus and Saccharomyces cerevisiae [18]. In vivo
studies in spontaneously hypertensive rats and in hyperten-
sive humans have demonstrated that several ACE inhibitor
peptides reduced blood pressure in a dose-dependent manner
after intravenous or oral administration [18–20]. Interest-
ingly, there was little effect on the blood pressure of normo-
tensive subjects, so that hypotension is an unlikely side
effect. Therefore, ACE inhibitor peptides may be used to treat
mild hypertension or as supplemental therapy. In addition,
in vivo studies showed that ACE activity was lower in aortas
of hypertensive rats after oral administration of fermented
milk than in a control group, demonstrating that these
peptides were absorbed without further cleavage by digestive
enzymes, reached the abdominal aorta and exerted antihy-
pertensive activity [21, 22]. Antihypertensive peptides may
also influence blood pressure through mechanisms that are
independent of ACE inhibition. These include the vascular
release of endogenous vasodilators, including prostaglandin
I2 [23], nitric oxide (NO) [24] and carbon monoxide (CO)
[25], and activation by α-lactorphin of opioid receptors [26].
More details about antihypertensive peptides are given in
Table 1. While many antihypertensive peptides have been
generated by in vitro digestion with specific proteases, further
in vivo work is needed to address if these undergo gastrointes-
tinal hydrolysis and inactivation when orally administered.
Antithrombotic properties
Thrombosis arises from increased platelet activity and aggre-
gations or defective fibrinolysis in arteries or veins. Arterial
thrombosis is the main cause of myocardial infarction and
stroke, and arises when the blood vessel is damaged by
atherosclerosis. Thus, antithrombotic drugs are used to in-
hibit platelet functions and enhance fibrinolysis. Many
peptides derived from lactoferrin and κ-casein have been
shown to inhibit platelet aggregation and to have antithrom-
botic activity [27, 28]. Whole κ-casein has inhibitory effects
Br J Clin Pharmacol (2017) 83 152–162 155
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on thrombin-induced platelet aggregation and secretion, and
caseinoglycopeptide has been shown to inhibit platelet ag-
gregation, while para-κ-casein is inactive [28–31]. In particu-
lar three peptides obtained from enzymatic hydrolysis of
caseinoglycopeptide from sheep milk, KDQDK, TAQVTSTEV
and QVTSTEV, completely inhibited platelet aggregation in-
duced by thrombin in in vitro experiments [31]. Interestingly,
KDQDK peptide also known as casoplatelin possesses a simi-
lar sequence to the corresponding bovine peptide KNQDK
which also showed antiplatelet activity [32]. The main
antithrombotic peptide MAIPPKKNQDK of bovine κ-casein
inhibits ADP-induced platelet fibrinogen by binding to its
platelet receptor αIIbβ3 protein and so prevents platelet aggre-
gation [29]. In addition, a peptide derived from human
lactoferrin contains the amino acid sequence KRDS. This is
similar to a sequence of fibrinogen α-chain, RGDS, which me-
diates its binding to αIIbβ3. KRDS and RGDS inhibit platelet
aggregation in vitro by preventing fibrinogen binding to
αIIbβ3, although KRDS is less effective [33, 34]. KRDS also in-
hibits serotonin release from platelet dense granules, but
the corresponding fibrinogen analogue RGDS has no effect
on the granule release, suggesting that the two peptides differ
in their impact on platelet cellular pathways [35]. In vivo anti-
thrombotic activity has been demonstrated for peptides from
k-casein and for lactoferrin-derived peptides, with no detect-
able toxic effects [35]. Current therapeutic drugs used to treat
atherothrombosis are also associated with severe side effects,
such as bleeding [36]. Hence, milk bioactive peptides could
provide novel ingredients in functional foods as safer alterna-
tives to the current therapies used to prevent thrombosis.
Anti-oxidant peptides
Oxidative stress is another factor contributing to the develop-
ment and progression of cardiovascular disease. It is charac-
terized by the generation of reactive oxygen species (ROS),
including free radicals superoxide, hydroxyl radicals and
non-radical hydrogen peroxide - due to their increased pro-
duction and to decreased antioxidant defence mechanisms.
ROS primary targets are cellular macromolecules, including
DNA, RNA, proteins and lipids and have been implicated in
ageing and a number of human diseases, including athero-
sclerosis [37]. On the contrary, low ROS concentrations have
physiological effects through regulation of cell signalling,
through the redox regulation of protein phosphorylation,
ion channels and transcription factors [38]. Consumption
of dietary antioxidants, containing for example vitamin C,
E polyphenols and carotenoids, has been shown to reduce
oxidative stress by boosting natural antioxidant defences
[39–41]. Interestingly, recent in vitro studies showed that milk
peptides from casein and whey proteins are a source of
antioxidant peptides such as, for example, YFYPEL peptide,
a hexapeptide generated by pepsin hydrolysis of bovine ca-
sein which scavenges superoxide radicals [42]. Enzymatic
peptides identified in the hydrolysate of whey proteins by
Corolase or other commercial proteases also showed strong
capacity to scavenge free radicals. A total of 42 peptide frag-
ments were identified containing the sequenceWYSLAMAASDI
evincing the highest activity [43]. The potency of antioxidant
activity of bioactive peptides has been attributed to the
content of specific amino acids, in particular to high amounts
156 Br J Clin Pharmacol (2017) 83 152–162
of histidine, which has peroxyradical trapping and chelating
abilities and to hydrophobic amino acids which increase the
accessibility of peptides to hydrophobic targets [44, 45].

Antilipaemic peptides
Elevated blood lipids, such as hypercholesterolaemia and
hyperglyceridaemia, represent an important risk factor in the
pathogenesis of CVD, in particular atherosclerosis [46, 47].
The pharmacological treatment of hypercholesterolaemia and
hyperglyceridaemia is a mainstay in the management of CVD
[48]. Many dietary proteins can improve the blood lipid profile,
especially soy proteins [49]. Numerous studies showed that
milk bioactive peptides derived from whey may reduce serum
cholesterol concentrations similarly to soy proteins. In
particular the peptide IIAEK (lactostatin) derived from bovine
milk β-lactoglobulin showed strong cholesterol-lowering effects
in in vivo animal studies, exhibiting a greater activity in compar-
ison with that of the drug β-sitosterol [50]. To clarify the mech-
anism of the hypocholesterolaemic action of lactostatin,
Morikawa et al. performed in vitro studies screening for the
target gene and signal transduction pathway targeted by
lactostatin in human liver cells, and found that lactostatin
regulated the phosphorylation of extracellular signal-regulated
kinase (ERK) and intracellular Ca2+ concentration, demonstrat-
ing the involvement of the calcium-channel-related MAPK
signalling pathway in the lactostatin-mediated cholesterol
degradation [51]. In addition, it has been shown that water-
soluble lactostatin activates the transcription of the cholesterol
7α-hydroxylase (CYP7A1) gene, inducing hypocholestero-
laemic effects by increasing cholesterol metabolism [51]. On
the contrary, casein proteins induce elevation of cholesterol
concentrations, possibly due to their higher ratios of
methionine-glycine and lysine-arginine, but themechanism re-
sponsible for this effect has not been elucidated.

Insulin secretion and glucose control
Type 2 diabetes mellitus (T2DM) is associated with an in-
creased risk of cardiovascular disease together with other risk
factors such as hypertension and dyslipidaemia [52]. Im-
paired insulin sensitivity is common in T2DM, although
other mechanisms are involved. Several studies have shown
beneficial effects of milk-derived components including the
regulation of insulin secretion and on the control of blood
glucose. Ingestion of both whey and casein proteins induces
increased insulin secretion [53], but ingestion of whey
protein leads to more rapid secretion of insulin than micellar
casein [54]. The insulinotropic effect of intact whey protein is
similar to whey protein hydrolysate at doses of 20–50 g of
proteins in healthy individuals [55]. In T2DM individuals,
18 g of whey protein ingested with a meal induced greater
insulinotropic and gut peptide glucose-dependent
insulinotropic polypeptide response compared with inges-
tion of isoenergetic non-dairy protein [56]. As little as 55 g
ingested before a carbohydrate meal can stimulate insulin
and incretin hormone secretion and slow gastric emptying,
leading to marked reduction in post-prandial glycaemia in
type 2 diabetes [57]. In vivo studies in rats also showed that in-
sulin sensitivity increased after 6 weeks administration of
whey proteins [58]. The insulinotropic effect of whey pro-
teins may be mediated by the high content of amino acids
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generated from its hydrolysis, which can induce an amino
acid-mediated insulin secretion from pancreatic β-cells [59].
The insulinotropic effect can also be mediated by the activa-
tion of the incretin system by inducing a glucose-dependent
insulinotropic polypeptide response [56, 60]. The effects of
casein are not as consistent as whey proteins. Co-ingestion
of a casein hydrolysate/leucine mixture following each meal
substantially reduces the prevalence of hyperglycaemia in
type 2 diabetic patients, accompanied by a significant
reduction in average 24 h blood glucose concentration [61].
Another study showed that co-ingestion of a casein hydroly-
sate with each main meal does not improve glucose homeo-
stasis over a 24 h period in long-standing type 2 diabetes
patients, possibly as a consequence of β-cells ‘exhaustion’ in
chronic disease [62]. Also, casein showed no effects on the
incretin responses while it suppressed the triglyceride re-
sponse and increased glucagon [63].
Anti-inflammatory peptides
Inflammation plays a physiological role in wound healing
and microbial resistance, but uncontrolled and chronic
inflammation underpins chronic disease such as rheumatoid
arthritis and atherosclerosis (Figure 2) and has been linked to
cancer. Non-steroidal anti-inflammatory drugs, with the ex-
ception of aspirin, are not widely used to treat cardiovascular
disease [64, 65]. They are ineffective in this setting and in fact
are associated with severe side effects such as gastric ulcera-
tion, bleeding [66, 67] and in some cases, thrombosis. Indeed
there is no pharmacological treatment for the inflammation
underlying atherosclerosis.

Recently Val-Pro-Pro peptide, previously examined for its
antihypertensive effect through inhibition of the ACE
enzyme, has also shown direct anti-inflammatory effects in
reducing leukocyte-endothelial cell interaction in vitro, an ef-
fect attributable to the inhibition of the MAP kinase signal-
ling pathway [68]. In addition, peptides derived from
Corolase casein digestion showed anti-inflammatory effects
on macrophages [69] while hydrolysates generated from
whey proteins showed similar effects on respiratory and
intestinal epithelial cells [70, 71]. Lactoferrin derived from
whey likewise showed a number of anti-inflammatory effects.
Lactoferrin down-regulates the LPS-induced cytokine pro-
duction in monocytic cells, thought to involve NF-κB activa-
tion [72]. Another study showed inhibition of intracellular
adhesion molecules 1 and cytokines, by lactoferrin, as well
as inhibition of the proliferation andmigration of bovine aor-
tic endothelial cells. Lactoferrin has also been shown to exert
a potent anti-inflammatory activity by driving monocyte dif-
ferentiation towards dendritic cells with impaired capacity to
undergo activation and to promote Th1 responses [73].
Lactoferrin hydrolysate also showed anti-inflammatory effects
on human cartilage and synovial cells suggesting a potential
role in the treatment of arthritis [74, 75]. On the basis of several
in vitro studies, the anti-inflammatory properties ofmilk-derived
peptides have been tested in in vivo models. In particular, Val-
Pro-Pro and Ile-Pro-Prp peptides showed anti-inflammatory bio-
activity in a model of intestinal enterocolitis [76], and also
protected against atherosclerosis in the ApoE knockout mice
where it showed suppression of themRNA for inflammatory cy-
tokines, oxidized low density lipoprotein receptor and
transcription regulators [77]. In addition, whey and casein hy-
drolysates attenuated dermatitis in NC/Nga mice [78] and
showedmodulation of inflammatory responces inmodels of ad-
juvant arthritis in rats [79]. Our group recently explored the ef-
fects of milk-derived bioactive peptides on the expression of
the inflammatory phenotype of human endothelial cells and
their effects on monocyte adherence to endothelial cells. We
found that milk-derived bioactive peptides worked as anti-
inflammatory agents by inhibiting the NF-κB pathway through
a PPAR-γ dependent mechanism [80].

Immunomodulating activities
Several immunomodulating peptides have been found in bovine
milk with effects on specific immune system cell types. Lympho-
cyte proliferation has been shown to be modulated by a number
of milk components such α-β-κ-casein, whey protein and
lactoferrin [81–83]. In addition, β-casein fermented with lactic
acid bacteria exhibited immonomodulating activity onmononu-
clear cells and T-helper cells, especially Th1 cells [84], while syn-
thetic peptides corresponding to fragments of bovine κ- casein,
beta-casomorphin-7 and beta-casomorphin-10 enhanced prolif-
eration of human lymphocytes in a dose dependent manner
[85]. In particular, Tyr-Gly and Tyr-Gly-Gly significantly
enhanced the proliferation of lymphocytes, while with beta-
casomorphin-7 and beta-casomorphin-10, lymphocyte prolifera-
tion was suppressed at lower concentrations, but stimulated at
higher concentrations [85]. In addition to the bioactivities
previously described, lactoferrin and lactoferrin-derived peptides
also showed immunomodulating activity, by inhibiting
granulopoiesis and antibody production, and by regulating natu-
ral killer cell activity [86]. Interestingly, ACE inhibitor peptides
have been implicated in the stimulation of the immune system
as inhibition of ACE increases bradykinin concentrations which,
in turn, stimulatemacrophages, and enhance lymphocytemigra-
tion and lymphokine secretion [87, 88]. The mechanism by
which milk-derived peptides exert their Immunomodulating ac-
tivities is not clear yet, but it has been suggested that the presence
of arginine in the N- or C-terminal region of the bioactive pep-
tides may be important for this activity [87].
Characterization of anti-atherogenic
molecular mechanisms of bioactive
peptides
Several milk-derived bioactive peptides reviewed above show
bioactivities that could be beneficial in the management of
atherosclerosis but little is known about their mechanism of
action or effectiveness. Further characterization of their
molecular mechanisms may help to optimize their applica-
tion. Atherosclerosis is a chronic disease characterized by
the formation of an atherosclerotic plaque in the vessel wall
and it is the leading cause of heart attack and strokes [89].
Development of atherosclerosis is characterized by an
inflammatory process (Figure 2), aggravated by well-known
risk factors such as hypertension, obesity, hyperlipidaemia
and diabetes [89–91], which in turn promotes endothelial
dysfunction [92]. Early stages of atherosclerosis are
characterized by recruitment of monocytes to vascular
endothelial cells (EC) following minor injury [93, 94] and
Br J Clin Pharmacol (2017) 83 152–162 157
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the subsequent migration of adherent monocytes through
the intima of the damaged vessel [95]. These mechanisms
are regulated by an increased expression of adhesion
molecules (VCAM-1, ICAM-1 and E-selectin) and chemokines
(IL-8 and MCP-1) in EC [96]. Many signalling pathways have
been identified in the development of atherosclerosis,
including peroxisome proliferator-activator receptor-gamma
(PPAR-γ), c-Jun N-terminal kinases (JNK) and Ras-Raf-MEK-
ERK, and STAT3, amongst others. In particular, PPAR-γ is a
nuclear receptor which plays a regulatory role in the early
stages of atherosclerosis development [97], in that activation
of PPAR-γ by natural or synthetic agonists prevents the signal
transduction and activation of pro-inflammatory transcrip-
tion factors such as NF-κB [98]. Our group is studying the mo-
lecular mechanisms of milk-derived bioactive peptides by
which they exert anti-inflammatory and anti-atherogenic ef-
fects. In one study we examined the inhibitory effects of the
hydrolysate obtained by Enterococcus faecalis fermentation
of sodium caseinate on the expression of inflammatory phe-
notypes of endothelial cells and on monocyte adhesion and
migration, and we found that the hydrosylate’s effects were
mediated by an inhibition of the NF-κB pathway via activa-
tion of PPAR-γ [80]. We also found that the hydrolysate sup-
presses the NF-κB pathway and inhibited the expression of
the endothelial cells inflammatory phenotype induced by
TNF-α, by down-regulating the expression of endothelial cell
adhesion molecules (VCAM-1, ICAM1 and E-sel) and
chemokines (IL-8 and MCP-1). These effects were completely
reversed by the specific PPAR-γ inhibitor, GW9662, suggest-
ing that the casein hydrolysate component(s) may be ligands
for PPAR-γ and through this mechanism inhibit NF-κB activa-
tion [80]. However, we cannot exclude that the anti-
inflammatory effects described in our study may also be due
to PPAR-γ- and NF-κB-independent mechanisms as the
hydrolysate generated by Enterococcus faecalis fermentation
of sodium caseinate is a complex mixture of peptides, which
can act at different molecular levels and target other cellular
pathways such as ERK [99] and AP-1 [100].

The analysis of the hydrolysate fractions further re-
vealed that the samples containing peptides of 0.5–5 KDa
were the most bioactive in reducing the gene expression
of adhesion molecules in activated endothelial cells, thus
suggesting that the anti-inflammatory activity of the hydro-
lysate may be limited to peptides in those fractions [80].
Similarly, a recent in vitro study showing an anti-
inflammatory effect of casein hydrolysates [101]. Showed
that whole β-casein hydrolysate and the fractions contain-
ing peptides between 1 and 5 kDa had the strongest inhib-
itory effect in a cell-based assay, supporting our studies on
fractions obtained by bacterial fermentation of sodium
caseinate [80].

Our group is now focusing on the effects of milk derived
bioactive peptides on the monocyte toll-like receptor 4
(TLR4), a monocyte surface receptor for LPS, which primes
immune cells to secrete pro-inflammatory cytokines and
chemokines [102]. TLR4 can signal through both JNK and
NF-κB and up-regulate chemokines and adhesion molecules
[103]. It is also responsible for CCR2 receptor expression, a
membrane receptor involved in the recruitment of mono-
cytes to activated endothelial cells. We therefore explored
whether the milk-derived peptides could utilize this surface
158 Br J Clin Pharmacol (2017) 83 152–162
receptor to influence gene regulation inmonocytes. New, un-
published data show that the milk peptides are signalling
through TLR4 in THP-1 monocytes, and that casein
hydrolysate inhibited LPS-induced cytokine synthesis.
Interestingly, the casein hydrolysate significantly inhibited
the binding of LPS to THP-1 monocytes while flow cyto-
metric analysis of its counter receptor (TLR4) indicated
that milk hydrolysates do not alter TLR4 surface expres-
sion, and therefore do not result in internalization of
TLR4. Taken together, these data suggest that the milk
hydrolysates are more likely to be inhibiting the binding
of LPS to TLR4.

These findings point to the potential of milk derived pep-
tides as nutraceuticals in the prevention and management of
atherosclerosis. Identification of bioactive peptides using
this bioassay of monocyte migration and adhesion to endo-
thelial cells could help identify more specific peptides, which
in turn could be incorporated into functional food
ingredients.
Conclusions
Work on the diverse and specific bioactivities of milk derived
peptides shows that they may have important functional
food effects that in turn may impact on cardiovascular dis-
ease. Atherosclerosis complicated by arterial thrombosis is a
major cause of human morbidity and mortality, with the
disease contributing to more than 50% of all deaths. What
triggers atherothrombosis is unknown, but there is evidence
for an interaction between hereditary and environmental fac-
tors, specifically high fat diets, obesity and smoking. Pharma-
ceuticals, such as antiplatelet and lipid lowering agents, play
an important role in the management of atherothrombosis,
but their effects are limited and associated with complica-
tions. The combined effects of milk derived bioactive
peptides on inflammation, hypertension, cholesterol con-
centration, suppression of free radical formation and platelet
activation may represent a novel and feasible strategy for the
management of these diverse risk factors in large populations.
Specifically, identification and characterization of novel com-
pounds from natural sources, including milk, which exert
beneficial effects and possibly with fewer side effects, may
represent an alternative to drugs. Numerous products con-
taining bioactive peptides are already on the market and ca-
sein derived peptides have found applications as dietary
supplements and in pharmaceutical preparations [104]. How-
ever, while it is known that bioactive compounds are gener-
ated during digestion in vivo it is not known if these
peptides have any physiological effects. Moreover, while
many studies have described promising health promoting ef-
fects of milk derived peptides in CVD, further studies, and in
particular more in vivo research with a focus on toxicity, will
be required before their application in the management of
disease is considered. Currently, little is still known about
the bioavailability and pharmacokinetics of bioactive
peptides [105] and it is difficult to determine dosage and
frequency of administration. In addition, while intuitively
milk derived peptidesmay be considered safe, and no toxic ef-
fects have been reported at the doses used for in vitro and
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in vivo experiments, we cannot exclude the potential for tox-
icity when given in high dose and over a long period of time.
More studies are needed to understand fully the biological
activity of the milk-derived bioactive peptides, and the eluci-
dation of the specific molecular mechanisms involved. This is
critical in refining the application of bioactive peptides and
optimizing their use for health and wellbeing.
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